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1. INTRODUCTION {#cas14400-sec-0001}
===============

Head and neck squamous cell carcinoma (HNSCC) includes cancers of the oral cavity, oropharynx, larynx, and hypopharynx and is the sixth most common malignancy worldwide.[^1^](#cas14400-bib-0001){ref-type="ref"} Despite advances in the treatment of HNSCC, there has been no significant improvement in mortality rate over the past 40 years.[^2^](#cas14400-bib-0002){ref-type="ref"} Metastasis is the most significant contributor to the mortality of cancer patients. For example, stage IV HNSCC long‐term survival is rare and distant metastasis is a predominant predictor of mortality.[^3^](#cas14400-bib-0003){ref-type="ref"} The pathogenesis of cancer metastasis involves several processes, including the loss of cellular adhesion, intravasation, survival in the circulation, extravasation, and eventual colonization in the distant metastatic organs.[^4^](#cas14400-bib-0004){ref-type="ref"} The success of HNSCC cell extravasation is regulated by matricellular proteins such as angiopoietin‐like protein 4 (ANGPTL4), which is highly associated with tumor metastasis.[^5^](#cas14400-bib-0005){ref-type="ref"}, [^6^](#cas14400-bib-0006){ref-type="ref"}, [^7^](#cas14400-bib-0007){ref-type="ref"} Interestingly, upregulation of ANGPTL4 has been observed in esophageal SCC and oral tongue SCC.[^8^](#cas14400-bib-0008){ref-type="ref"}, [^9^](#cas14400-bib-0009){ref-type="ref"} The expression of ANGPTL4 is also essential for EGF‐induced HNSCC metastasis.[^5^](#cas14400-bib-0005){ref-type="ref"} Hypoxic condition‐dependent induction of ANGPTL4 by prostaglandin E~2~ (PGE~2~) promotes colorectal cancer progression.[^10^](#cas14400-bib-0010){ref-type="ref"} These results indicate that the expression of ANGPTL4 plays a role in the regulation of tumor metastasis.

A variety of biomarkers including CXC chemokine receptor 2 (CXCR2), CXCR4, interleukin (IL)‐6, IL‐8, MMPs, and cytokeratins have been reported in HNSCC.[^11^](#cas14400-bib-0011){ref-type="ref"} The most intensive biomarker, epidermal growth factor receptor (EGFR), is overexpressed in up to 90% of HNSCC compared with normal mucosa.[^12^](#cas14400-bib-0012){ref-type="ref"}, [^13^](#cas14400-bib-0013){ref-type="ref"} The aberrant activation of EGFR can be achieved by overexpression of EGFR and its ligands, EGFR mutation/polymorphism and transactivation by receptor tyrosine kinases. The intensive association between EGFR expression and HNSCC led to the development of Abs directed against EGFR, such as cetuximab, panitumumab, zalutumumab, and nimotuzumab for treating HNSCC.[^14^](#cas14400-bib-0014){ref-type="ref"}, [^15^](#cas14400-bib-0015){ref-type="ref"}, [^16^](#cas14400-bib-0016){ref-type="ref"} However, these anti‐EGFR inhibitors have shown limited efficacy. Chemoradiation with cetuximab in HNSCC has shown adverse events in clinical trials.[^17^](#cas14400-bib-0017){ref-type="ref"} In addition, EGFR inhibition by erlotinib or gefitinib is overcome by epithelial‐mesenchymal transition (EMT).[^18^](#cas14400-bib-0018){ref-type="ref"} Potential mechanisms for the failure of EGFR inhibitors in the inhibition of downstream molecules such as Ras/Raf/MAPK, PI3K/AKT/mTOR, and signal transducer and activator of transcription 3 could include the activation of EGFR‐independent signaling pathways, including hypoxia and G protein‐coupled receptors.[^19^](#cas14400-bib-0019){ref-type="ref"}, [^20^](#cas14400-bib-0020){ref-type="ref"} The signaling molecules work synergistically with EGFR or compensate for the loss of EGFR‐activated signaling and are likely to be targets to overcome EGFR inhibitor resistance.

Similar to EGFR, overexpression of COX‐2 is commonly found in both premalignant and malignant tissues.[^21^](#cas14400-bib-0021){ref-type="ref"} An extensive increase in COX‐2 has been found in oral leukoplakia and seems to be correlated with high‐grade premalignant lesions.[^22^](#cas14400-bib-0022){ref-type="ref"} In addition, evidence reveals that COX inhibitors, including nonsteroidal antiinflammatory drugs (NSAIDs), reduce the formation of a variety of tumors.[^23^](#cas14400-bib-0023){ref-type="ref"}, [^24^](#cas14400-bib-0024){ref-type="ref"} It is worth noting that daily aspirin can significantly prevent distant metastasis in different types of cancer.[^25^](#cas14400-bib-0025){ref-type="ref"} This evidence suggests the possibility that the activation of COX‐2 plays a critical role in cancer progression, including HNSCC.[^26^](#cas14400-bib-0026){ref-type="ref"} However, the cross‐talk between EGFR activation and the expression of ANGPTL4 and COX‐2 in promoting HNSCC metastasis remains unclear.

In this study, we reveal for the first time that autocrine production of EGF‐induced ANGPTL4 in tumor cells is dependent on the activation of COX‐2, resulting in HNSCC metastasis. Prostaglandin E~2~ directly promotes the expression of ANGPTL4 to enhance tumor‐endothelial cell interactions and lung metastasis of HNSCC cells. Inhibition of ANGPTL4 represents a new strategy for the treatment of EGFR‐ and COX‐2 proinflammatory pathway‐associated HNSCC metastasis.

2. MATERIALS AND METHODS {#cas14400-sec-0002}
========================

2.1. Cell culture {#cas14400-sec-0003}
-----------------

Cell lines of head and neck cancer (SCC25, KB, and FaDu) were purchased from ATCC. Head and neck cancer cells (HONE1, TU183, and SAS) and human microvascular endothelial cell line (HMEC‐1) were kindly provided by Dr Kwang‐Yu Chang (National Health Research Institutes, Taiwan)[^27^](#cas14400-bib-0027){ref-type="ref"} and Dr Trai‐Ming Yeh (Department of Medical Laboratory Science and Biotechnology, Medical College, National Cheng Kung University), respectively. Cell culture conditions were previously described.[^27^](#cas14400-bib-0027){ref-type="ref"}, [^28^](#cas14400-bib-0028){ref-type="ref"}

2.2. Western blot analysis {#cas14400-sec-0004}
--------------------------

An analytical 12% SDS‐PAGE was carried out, and 30 μg protein of each was analyzed, unless stated otherwise. Western blot analysis was undertaken as previously described.[^29^](#cas14400-bib-0029){ref-type="ref"} Antibodies against human phospho‐ERK1/2^T202/Y204^ (Cell Signaling Technology), COX‐2 (Lab Vision), ERK1/2 (Santa Cruz Biotechnology), and α‐tubulin (Sigma) were used as the primary Abs.

2.3. Reverse transcription‐PCR and real‐time quantitative RT‐PCR {#cas14400-sec-0005}
----------------------------------------------------------------

Total RNA was isolated using the TRIzol RNA extraction kit (Invitrogen), and 1 μg RNA was subjected to RT‐PCR with ImProm‐II (Promega). The following primers were used: ANGPTL4 (sense, 5′‐CAAGGCTCAGAACAGCAGGA‐3′; antisense, 5′‐CCCCTGAGGCTGGATTTCAA‐3′), COX‐2 (sense, 5′‐CCCACTTCAAGGGATTTT‐3′; antisense, 5′‐CCAGACCAAAGACCTCCT‐3′), MMP1 (sense, 5′‐ATGCACAGCTTTCCTCCACT‐3′; antisense, 5′‐TTCCCAGTCACTTTCAGCCC‐3′), MMP‐2 (sense, 5′‐GCAAGTTTCCATTCCGC‐3′; antisense, 5′‐GTCGTCATCGTAGTTGGC‐3′), MMP3 (sense, 5′‐GCAAGACAGCAAGGCATAGAG‐3′; antisense, 5′‐CCGTCACCTCCAATCCAAGG‐3′), MMP9 (sense, 5′‐ACCTCGAACTTTGACAGCGACA‐3′; antisense, 5′‐GATGCCATTCACGTCGTCCTTA‐3′), Slug (sense, 5′‐GAGAGCTGCAAGAGCATGGA‐3′; antisense, 5′‐GGCAACCAGACAACCGACAT‐3′), Twist (sense, 5′‐GCCGGAGACCTAGATGTCATTG‐3′; antisense, 5′‐ AGTGGCTGATT GGCACGAC‐3′), vimentin (sense, 5′‐TGGCCGACGCCATCAACACC‐3′, antisense, 5′‐CACCTCGACGCGGGCTTTGT‐3′), N‐cadherin (sense, 5′‐GTGCCATTAGCCAAGGGAATTCAGC‐3′; antisense, 5′‐GCGTTCCTGTTCCA CTCATAGGAGG‐3′), and GAPDH (sense, 5′‐CCATCACCATCTTCCAGGAG‐3′; antisense, 5′‐CCTGCTTCACCACCTTCTTG‐3′). The PCR products were separated by 2% agarose gel electrophoresis and visualized with ethidium bromide staining. For the quantitative real‐time RT‐PCR, cDNA synthesis was carried out using the Titanium One‐Step TR‐PCR kit (Clontech) containing SYBR Green I. Real‐time fluorescence monitoring and the melting curve analysis were undertaken with LightCycler according to the manufacturer's recommendations. The relative transcript amount of the target gene, calculated using standard curves of serial RNA dilutions, was normalized to that of GAPDH of the same RNA.

2.4. Knockdown experiments {#cas14400-sec-0006}
--------------------------

The hairpins targeting COX‐2 (shCOX‐2) and a nontargeting hairpin (shLacZ) were obtained from the RNAi Core of the Research Center of Clinical Medicine, National Cheng Kung University Hospital in the pLKO.1 lentiviral backbone. Cells were selected in 2 μg/mL puromycin for 3 days and then expanded for 1‐2 weeks before analysis. Both shCOX‐2 \#1 and shCOX‐2 \#2 stable cell lines were selected from the same target sequence. Hairpin TRC clone IDs and target sequences were as follows: shLacZ/TRCN0000072223, TGTTCGCATTATCCGAACCAT; and shCOX‐2/TRCN0000045533, GCTGAATTTAACACCCTCTAT.

2.5. Transfection of cells with siRNA oligonucleotides or plasmid {#cas14400-sec-0007}
-----------------------------------------------------------------

Transient transfection of cells with 20 nmol/L siRNA oligonucleotides or plasmid was carried out using RNAiMAX or Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions with slight modifications. The siRNA IDs were as follows: ANGPTL4, siRNA IDs HSS181878 and HSS181879; MMP1, siRNA IDs HSS106609 and HSS106610; and negative control siRNAs, siRNA ID D‐001810‐10‐50 (Dharmacon). For use in transfection, 3.75 μL RNAiMAX or Lipofectamine 2000 was incubated with siRNA or plasmid in 1.5 mL Opti‐MEM medium (Invitrogen) for 30 minutes at room temperature. Following the removal of Opti‐MEM medium and replacement with 3 mL fresh culture medium, the cells were incubated for an additional 24 hours, unless stated otherwise.

2.6. Enzyme‐linked immunosorbent assay {#cas14400-sec-0008}
--------------------------------------

Quantification of the secretory ANGPTL4 in the culture medium was achieved by a DuoSet human angiopoietin‐like 4 ELISA development kit (DY3458) according to the manufacturer's instructions (R&D Systems). Briefly, 100 μL culture medium was collected and incubated with precoated capture Ab at room temperature in a 96‐well microplate. After washing, 100 μL detection Ab was added and incubated for another 2 hours at room temperature, and then 100 μL working dilution of streptavidin‐HRP was added to each well and incubated for 20 minutes under protection from light. After washing, 100 μL substrate solution was added and incubated for 20 minutes under protection from light. After adding 50 μL stop solution, the plate was gently tapped to ensure thorough mixing and an SpectraMax i3x Microplate Absorbance Reader (Molecular Devices) was used to immediately quantify the optical density at 450 nm.

2.7. Transendothelial invasion assay {#cas14400-sec-0009}
------------------------------------

The invasion assay was undertaken using Millicell hanging cell culture inserts (polyethylene terephthalate membranes with 8‐µm pores; Millipore). HMEC‐1 cells (1 × 10^5^ cells per well) were plated on the upper chamber and allowed to grow to confluence, and then 10% Matrigel was loaded into the chamber. Tumor cells were treated with 50 ng/mL EGF or PGE~2~ in serum‐free medium and then stained with 1,1′‐dioctadecyl‐3,3,3′,3′‐tetramethyl‐indocarbocyanine perchlorate (DiI) (Invitrogen) for 30 minutes. The DiI‐stained tumor cells (2 × 10^5^) were then loaded into the chamber, which was filled with serum‐free medium, and incubated for 2 days. Cells on the apical side of each insert were scraped off. Invasion to the basolateral side of the membrane was visualized using an immunofluorescent microscope. The number of invading cells was determined in 3 randomly chosen fields under the microscope for 3 independent experiments.

2.8. Cell adhesion assay {#cas14400-sec-0010}
------------------------

Briefly, tumor cells were treated with 20 μmol/L PGE~2~ for 3 hours, then labeled for 30 minutes at 37°C with DiI (Invitrogen) and washed twice with PBS. The medium was removed from the wells, and tumor cells (1.5 × 10^5^ cells/mL) were added to a monolayer of HMEC‐1 cells. After incubation for 30 minutes at 37°C, the wells were gently washed twice with PBS to remove nonadherent cells. The cells were photographed and numbers were quantified under a fluorescence microscope.

2.9. Tumor metastasis assay in an animal model {#cas14400-sec-0011}
----------------------------------------------

Tumor metastasis was determined by tail vein i.v. injection of cancer cells into 4‐ to 6‐week‐old male SCID mice. Briefly, each animal was injected with 1 × 10^6^ cells mixed with PBS, and all mice were killed up to 2 months after injection. All mice were obtained from the National Cheng Kung University Laboratory Animal Center (Tainan, Taiwan) and the National Laboratory Animal Center (Tainan, Taiwan). All animal experiments in this study were approved by the Laboratory Animal Committee of National Cheng Kung University. The H&E staining was undertaken by the Human Biobank, Research Center of Clinical Medicine, National Cheng Kung University Hospital.

3. RESULTS {#cas14400-sec-0012}
==========

3.1. Expression of ANGPTL4 is dependent on induction of COX‐2 in EGF‐treated HNSCC cells {#cas14400-sec-0013}
----------------------------------------------------------------------------------------

Our previous studies revealed that EGF induces the expression of COX‐2 or ANGPTL4, resulting in the promotion of tumor metastasis.[^5^](#cas14400-bib-0005){ref-type="ref"}, [^30^](#cas14400-bib-0030){ref-type="ref"} However, the reciprocal regulation of ANGPTL4 and COX‐2 in HNSCC metastasis remains poorly understood. To elucidate the relationship between COX‐2 and ANGPTL4 induction in HNSCC, the sequential effect of EGF‐induced COX‐2 on ANGPTL4 expression was examined in EGF‐treated cells. As shown in Figure [1A,B](#cas14400-fig-0001){ref-type="fig"}, EGF induced the gene expression of COX‐2 and ANGPTL4 in a time‐dependent manner. It is worth noting that the induction of COX‐2 was earlier than that of ANGPTL4. In addition, the EGF‐induced protein expression of ANGPTL4 and COX‐2 was further confirmed using ELISA and western blotting, respectively (Figure [1C,D](#cas14400-fig-0001){ref-type="fig"}). To further assess the association of EGFR signaling and the expression of ANGPTL4 and COX‐2 in HNSCC patients, gene expression signatures in clinical samples were analyzed by The Cancer Genome Atlas data mining.[^31^](#cas14400-bib-0031){ref-type="ref"} Intriguingly, concurrent expression of EGFR, COX‐2, and ANGPTL4 was observed (Figure [S1](#cas14400-sup-0001){ref-type="supplementary-material"}). These results reveal that the induction of COX‐2 was followed by ANGPTL4 expression in EGF‐treated cells, suggesting the possibility that the expression of ANGPTL4 might be dependent on the expression of COX‐2. To assess whether COX‐2 activity was essential for EGF‐induced ANGPTL4 expression, the selective COX‐2 inhibitor celecoxib was used to suppress the activation of COX‐2. Indeed, celecoxib significantly inhibited EGF‐induced ANGPTL4 mRNA expression and protein secretion in a dose‐dependent manner (Figures [2A,B](#cas14400-fig-0002){ref-type="fig"} and [S2](#cas14400-sup-0001){ref-type="supplementary-material"}A). The essential role of COX‐2 in the regulation of ANGPTL4 expression was also further confirmed by the inhibition of EGF‐induced ANGPTL4 that was observed during the depletion of COX‐2 (Figure [2C,D](#cas14400-fig-0002){ref-type="fig"}); however, EGF‐induced COX‐2 expression was not changed in ANGPTL4‐depleted cells (Figure [2D](#cas14400-fig-0002){ref-type="fig"}). These results suggested that the activation and expression of COX‐2 are essential for the expression and autocrine secretion of ANGPTL4 in EGF‐treated cells.

![Epidermal growth factor (EGF) induces sequential expression of COX‐2 and angiopoietin‐like 4 (ANGPTL4) in head and neck squamous cell carcinoma cells. FaDu cells were treated with 50 ng/mL EGF for the indicated period of time. A, B, mRNA expression of COX‐2 and ANGPTL4 was analyzed by real‐time quantitative PCR. C, D, Expression levels of ANGPTL4 and COX‐2 protein were examined using ELISA and western blotting, respectively. Values represent the mean ± SEM of 3 replicate analyses](CAS-111-2004-g001){#cas14400-fig-0001}

![Inhibition of COX‐2 blocks epidermal growth factor (EGF)‐induced angiopoietin‐like 4 (ANGPTL4) expression and secretion. A, B, FaDu cells were treated with various concentrations of celecoxib, followed by 50 ng/mL EGF treatment for 6 h. Expression of ANGPTL4 mRNA and protein was analyzed using real‐time quantitative PCR and ELISA, respectively. C, shLacZ and shCOX‐2 (COX‐2 knockdown) cells were treated with 50 ng/mL EGF for 6 h. Expression of ANGPTL4 mRNA was analyzed using real‐time quantitative PCR. D, FaDu cells were transfected with 20 nmol/L siCOX‐2 (i), siANGPTL4 (ii), and scramble oligonucleotides by lipofection and then treated with 50 ng/mL EGF for 6 h. Real‐time quantitative PCR was carried out for analysis of mRNA levels of ANGPTL4 and COX‐2. Values represent mean ± SEM of 3 replicate analyses](CAS-111-2004-g002){#cas14400-fig-0002}

3.2. Prostaglandin E~2~‐induced ANGPTL4 expression occurs through ERK and peroxisome proliferator activated receptor signaling pathways {#cas14400-sec-0014}
---------------------------------------------------------------------------------------------------------------------------------------

To further verify whether the activation of the COX‐2 signaling pathway is essential for ANGPTL4 induction, the effect of the COX‐2 metabolite PGE~2~ on ANGPTL4 expression in HNSCC cell lines was investigated. Quantitative real‐time PCR revealed that PGE~2~ dramatically induced ANGPTL4 expression in various HNSCC cell lines (Figure [3A](#cas14400-fig-0003){ref-type="fig"}). The induction of ANGPTL4 expression by PGE~2~ was in a time‐ and dose‐dependent manner (Figures [3B,C](#cas14400-fig-0003){ref-type="fig"} and [S2](#cas14400-sup-0001){ref-type="supplementary-material"}B,C). Prostaglandin E~2~ showed a weaker induction of ANGPTL4 expression than treatment with EGF (Figure [3D](#cas14400-fig-0003){ref-type="fig"}); however, the dysfunction of COX‐2 induced by either siCOX‐2 or celecoxib led to a reduction of EGF‐induced ANGPTL4 that was also reversed by cotreatment with PGE~2~ (Figures [3D,E](#cas14400-fig-0003){ref-type="fig"} and [S2](#cas14400-sup-0001){ref-type="supplementary-material"}D). These results reveal that the expression and activation of COX‐2 play an important role in the regulation of ANGPTL4 expression. Furthermore, we confirmed that the ERK activation was also required for PGE~2~‐ and EGF‐induced ANGPTL4 expression by using the MEK/ERK inhibitor U0126 (Figure [4A,B](#cas14400-fig-0004){ref-type="fig"}). The peroxisome proliferator activated receptor (PPAR) binding sequence required for PGE~2~‐induced ANGPTL4 promoter activity was found in a promoter reporter assay (Figure [4C](#cas14400-fig-0004){ref-type="fig"}). These results reinforce the essential roles of the ERK and PPAR signaling pathways in the regulation of PGE~2~‐induced ANGPTL4 expression, as well as our previous studies in oleic acid‐ and EGF‐induced ANGPTL4 expression.[^5^](#cas14400-bib-0005){ref-type="ref"}, [^6^](#cas14400-bib-0006){ref-type="ref"}

![Cyclooxygenase‐2‐derived prostaglandin E~2~ (PGE~2~) significantly induces angiopoietin‐like 4 (ANGPTL4) expression. A‐C, Cell lines (A) and FaDu cells (B, C) were treated with 20 μmol/L PGE~2~ for 6 h or the indicated period of time, or with various concentrations as indicated. Expression of ANGPTL4 was analyzed using real‐time quantitative PCR. D, E, Cells were transfected with 20 nmol/L COX‐2 siRNA (siCOX‐2) and scramble oligonucleotides by lipofection and then treated with 20 μmol/L PGE~2~ and 50 ng/mL epidermal growth factor (EGF) or 20 μmol/L celecoxib for 6 h. mRNA levels of COX‐2, ANGPTL4, and GAPDH were analyzed by RT‐PCR and examined by 2% agarose gel electrophoresis or real‐time quantitative PCR. Values represent mean ± SEM of 3 replicate analyses](CAS-111-2004-g003){#cas14400-fig-0003}

![Epidermal growth factor (EGF)‐ and prostaglandin E~2~ (PGE~2~)‐induced angiopoietin‐like 4 (ANGPTL4) expression occurs through the ERK pathway. A, B, Cells were treated with 10 μmol/L U0126 and 50 ng/mL EGF (A) or 20 μmol/L PGE~2~ (B) for 6 h. Expression of ANGPTL4 mRNA and protein was analyzed by real‐time quantitative PCR and ELISA, respectively. Activation of ERK in cells treated with 50 ng/mL EGF or 20 μmol/L PGE~2~ for 1 h was analyzed by western blotting using anti‐phospho‐(p)ERK1/2 (Thr202/Tyr204) Abs. C, Cells were transfected with 0.5 μg of PGL3 vector containing the ANGPTL4 promoter with an intronic PPAR element (PPARE) by lipofection and then treated with 20 μmol/L PGE~2~ for 12 h. Luciferase activities were determined and normalized. Values represent mean ± SEM of 3 replicate analyses. \*\*\**P* \< .001](CAS-111-2004-g004){#cas14400-fig-0004}

3.3. Prostagladin E~2~‐induced ANGPTL4 enhances HNSCC cell metastasis {#cas14400-sec-0015}
---------------------------------------------------------------------

Overexpression of ANGPTL4 has been identified in various cancers.[^32^](#cas14400-bib-0032){ref-type="ref"} To test whether ANGPTL4 expression is required for PGE~2~‐ and EGF‐induced tumor cell invasion, ANGPTL4 siRNA was used in transendothelial invasion assays. As shown in Figure [5A](#cas14400-fig-0005){ref-type="fig"}, the depletion of ANGPTL4 inhibited EGF‐ and PGE~2~‐induced tumor cell transendothelial invasion. In addition, COX‐2 siRNA also inhibited EGF‐triggered tumor cell transendothelial invasion (Figure [5A](#cas14400-fig-0005){ref-type="fig"}). Our previous studies showed that the expression of MMP1 is essential for EGF‐induced HNSCC metastasis.[^5^](#cas14400-bib-0005){ref-type="ref"} Next, we further identified whether MMP1 was required for PGE~2~‐induced cancer cell invasion. As shown in Figure [5A](#cas14400-fig-0005){ref-type="fig"}, siMMP1 significantly inhibited PGE~2~‐induced tumor cell invasion. The infiltration of tumor cells into distant locations initially relies on the attachment to endothelial cells. Therefore, we further investigated the effect of EGF‐ and PGE~2~‐induced ANGPTL4 expression on the interaction between tumor and endothelial cells. As shown in Figure [5B](#cas14400-fig-0005){ref-type="fig"}, the EGF‐ and PGE~2~‐induced tumor‐endothelial cell interaction was significantly inhibited in the ANGPTL4‐knockdown cells. The depletion of COX‐2 also blocked EGF‐enhanced tumor‐endothelial cell interaction (Figure [5B](#cas14400-fig-0005){ref-type="fig"}). These results indicated that PGE~2~‐induced autocrine production of ANGPTL4 stimulated the binding of tumor cells to endothelial cells. The EGF/PGE~2~/ANGPTL4/MMP1 axis was required for HNSCC invasion.

![Depletion of angiopoietin‐like 4 (ANGPTL4) inhibits epidermal growth factor (EGF)‐ and prostaglandin E~2~ (PGE~2~)‐induced invasion of tumor cells and interaction with endothelial cells. A, FaDu cells were transfected with 20 nmol/L ANGPTL4, COX‐2, or MMP1 siRNA oligonucleotides (siANGPTL4, siCOX‐2, and siMMP1, respectively) and scrambled control oligonucleotides (SC) by lipofection. Endothelial cells were grown to form a monolayer on the bottom of a thick layer of ECM proteins to mimic intravasation in transendothelial invasion assays. After 50 ng/mL EGF (i) and 20 μmol/L PGE~2~ (ii) treatment for 6 h and stained with 1,1′‐dioctadecyl‐3,3,3′,3′‐tetramethyl‐indocarbocyanine perchlorate, cells were loaded in the upper chamber of filter inserts. After incubation for 48 h, noninvasive cells were removed. Invasive images were examined using a microscope (left panel). Original magnification, ×200. Invasive cells were counted (right panel). Values represent mean ± SEM of 3 determinations. B, Tumor cells were further cultured with endothelial cells for 3 h. Attachment of tumor cells was examined using a microscope (left panel). Number of attached cells was counted using 3 randomly chosen fields under the microscope from 3 independent experiments (right panel). Values represent mean ± SEM of 3 replicate analyses](CAS-111-2004-g005){#cas14400-fig-0005}

3.4. Angiopoietin‐like 4 is essential for EMT marker expression and PGE~2~‐primed cancer metastasis {#cas14400-sec-0016}
---------------------------------------------------------------------------------------------------

Based on the EGF/PGE~2~/ANGPTL4/MMP1 axis being essential for PGE~2~‐induced cancer cell invasion, we further studied whether the expression of EMT markers is involved in ANGPTL4‐regulated cell metastasis. As shown in Figure [6](#cas14400-fig-0006){ref-type="fig"}, the expression levels of fibronectin, Slug, Snail, Twist, vimentin, and N‐cadherin were increased in PGE~2~‐treated cells. In addition, the induction of EMT markers was significantly inhibited in ANGPTL4‐depleted cells. In contrast, the induction and inhibition of Snail, Twist, and fibronectin, and E‐cadherin by EGF, respectively, were reversed in ANGPTL4‐depleted cells (Figure [S3](#cas14400-sup-0001){ref-type="supplementary-material"}). Our previous studies have shown that MMP expression is regulated by ANGPTL4 levels and is associated with cancer metastasis.[^5^](#cas14400-bib-0005){ref-type="ref"}, [^33^](#cas14400-bib-0033){ref-type="ref"} To clarify whether ANGPTL4 was essential for PGE~2~‐induced MMP expression, the effects of ANGPTL4 depletion on MMP gene expression were examined. Quantitative real‐time PCR showed that PGE~2~‐induced expression of MMPs was inhibited in ANGPTL4‐depleted cells (Figures [6](#cas14400-fig-0006){ref-type="fig"} and [S4](#cas14400-sup-0001){ref-type="supplementary-material"}). In addition, ANGPTL4 siRNA attenuated EGF‐induced expressions of MMP1 and MMP9 (Figure [S3](#cas14400-sup-0001){ref-type="supplementary-material"}), consistent with our previous studies.[^5^](#cas14400-bib-0005){ref-type="ref"} Because PGE~2~‐induced ANGPTL4 expression promoted expression of EMT markers and MMPs, resulting in tumor cell invasion in in vitro studies, we further examined whether ANGPTL4 was essential for PGE~2~‐enhanced metastasis in vivo. Parental and siANGPTL4 cells were pretreated with PGE~2~ for 3 hours and then injected into the tail veins of mice for 60 days. Hematoxylin and eosin staining showed that the lungs of mice receiving the PGE~2~‐pretreated parental tumor cells contained more and larger micrometastatic colonies than those receiving the PGE~2~‐pretreated siANGPTL4 cells (Figure [7](#cas14400-fig-0007){ref-type="fig"}). These results suggest that the induction of ANGPTL4 is essential for PGE~2~‐primed HNSCC metastasis as well as the requirement of ANGPTL4 for EGF‐primed tumor metastasis.[^5^](#cas14400-bib-0005){ref-type="ref"}

![Depletion of angiopoietin‐like 4 (ANGPTL4) inhibits prostaglandin E~2~ (PGE~2~)‐induced expression of epithelial‐mesenchymal transition markers. FaDu cells were transfected with 20 nmol/L ANGPTL4 siRNA oligonucleotides (siANGPTL4) by lipofection and then treated with 20 μmol/L PGE~2~. mRNA expression of ANGPTL4, N‐cadherin, fibronectin, Snail, Slug, Twist, vimentin, and MMPs was analyzed by real‐time quantitative PCR. Values represent mean ± SEM of 3 replicate analyses. \*\*\* *P* \< .001, \*\*\*\**P* \< .0001](CAS-111-2004-g006){#cas14400-fig-0006}

![Angiopoietin‐like 4 (ANGPTL4) mediates prostaglandin E~2~ (PGE~2~) priming for tumor dissemination to lungs. FaDu cells were transfected with 20 nmol/L ANGPTL4 siRNA oligonucleotides (siANGPTL4) by lipofection for 24 h and then treated with 20 μmol/L PGE~2~ for 3 h. Lung colonization analysis was carried out by injecting 2 × 10^5^ cells into a lateral tail vein of mice. Nodules were examined and photographed at 2 mo. Arrows indicate metastatic nodules. Images of tumors (A) and numbers of nodules (B) were examined using H&E staining and counted under a microscope, respectively. The 100x was enlarged from the red box in 20x. Values represent mean ± SEM of indicated number (N) of mice. \*\*\**P* \< .001](CAS-111-2004-g007){#cas14400-fig-0007}

4. DISCUSSION {#cas14400-sec-0017}
=============

Head and neck squamous cell carcinoma progression is associated with EGFR and/or the proinflammatory pathway, which are targeted by using inhibitors of EGFR and COX‐2, such as cetuximab and celecoxib, respectively.[^34^](#cas14400-bib-0034){ref-type="ref"}, [^35^](#cas14400-bib-0035){ref-type="ref"} Unfortunately, the combination of cetuximab and celecoxib is likely limited in cancer therapy due to anticancer drug resistance and ultimately lack of effect on metastatic tumors. The understanding of cross‐talk between EGFR‐ and COX‐2‐associated HNSCC metastasis can provide better approaches to treat tumors. In this study, for the first time, we provide evidence that the activation of EGFR signaling promotes the upregulation of COX‐2, followed by the induction of ANGPTL4, resulting in the increase of HNSCC metastasis. However, the production of PGE~2~ either from EGF‐stimulated tumors or surrounding cells, such as tumor‐associated macrophages and fibroblasts, has been found to contribute to tumor cell metastasis.[^30^](#cas14400-bib-0030){ref-type="ref"} Intriguingly, we found that ANGPTL4 was essential for fibronectin expression and HNSCC metastasis in PGE~2~‐treated cells. These results were consistent with our previous study that showed that the expression of ANGPTL4 and fibronectin is also required for EGF‐ and PGE~2~‐primed HNSCC metastasis, respectively.[^5^](#cas14400-bib-0005){ref-type="ref"}, [^30^](#cas14400-bib-0030){ref-type="ref"} The studies reveal that the ANGPTL4/fibronectin pathway plays a role in growth factor‐ and inflammation‐associated tumor metastasis. Therefore, the blocking of proinflammatory factors, such as PGE~2~‐regulated metastasis by targeting ANGPTL4, provides new insight into treating inflammation and growth factor‐initiated tumor metastasis.

The modest effect of the COX‐2 inhibitor celecoxib against advanced cancers has been determined from a metaanalysis of clinical trials and there is no significant effect on the 1‐year survival rate.[^36^](#cas14400-bib-0036){ref-type="ref"} Although COX‐2 inhibition is not sufficient to suppress tumor progression, the risk of developing certain cancers, including HNSCC and breast, prostate, and pancreatic cancers, is dramatically reduced,[^37^](#cas14400-bib-0037){ref-type="ref"}, [^38^](#cas14400-bib-0038){ref-type="ref"}, [^39^](#cas14400-bib-0039){ref-type="ref"}, [^40^](#cas14400-bib-0040){ref-type="ref"} suggesting that selective COX‐2 inhibitors have strong potential for the chemoprevention of cancers. Indeed, our studies revealed that the depletion of ANGPTL4 reduced PGE~2~‐primed HNSCC metastasis, suggesting that the inhibition of the inflammatory response, such as the COX‐2 signaling pathway, is a new approach to reduce the risk of tumor recurrence by preventing cancer metastasis. In addition, previous studies indicated that COX‐2 is involved in immunity‐regulated tumor progression. For example, COX‐2 inhibitors also suppress tumor immune evasion by inhibiting M2 macrophages and T regulatory cells.[^41^](#cas14400-bib-0041){ref-type="ref"}, [^42^](#cas14400-bib-0042){ref-type="ref"} Cyclooxygenase‐2 in tumor‐associated macrophages (TAMs) promotes breast cancer metastasis through the induction of MMP9 and the promotion of EMT in tumor cells.[^43^](#cas14400-bib-0043){ref-type="ref"} In addition, cancer‐associated fibroblasts (CAFs) are major sources of COX‐2/PGE~2~ in the tumor microenvironment.[^44^](#cas14400-bib-0044){ref-type="ref"} These results suggest that the regulation of EMT by PGE~2~ produced from TAMs, CAFs, or tumors, could further promote tumor metastasis. Considering sources of PGE~2~ and their wide effect on inflammation‐associated tumors, inhibition of the inflammatory response by using NSAIDs or selective COX‐2 inhibitors is necessary for the treatment of cancer. Elevated expression of ANGPTL4 also enhances pulmonary tissue leakiness and intensified inflammation‐induced lung damage during influenza infection.[^45^](#cas14400-bib-0045){ref-type="ref"} These results further suggest that ANGPTL4 might play a role in the regulation of the immune response. Chronic inflammation is highly associated with the risk of developing cancer.[^46^](#cas14400-bib-0046){ref-type="ref"} Therefore, whether PGE~2~‐induced ANGPTL4 regulates chronic inflammation‐associated tumor progression and immunotherapeutic effects should be further investigated.

In this study, it is worth noting that PGE~2~‐induced EMT markers, including Snail, Slug, Twist, and fibronectin, and MMPs were reduced with the depletion of ANGPTL4 in HNSCC. These results were consistent with the finding that ANGPTL4‐regulated EMT participated in various tumor metastases.[^5^](#cas14400-bib-0005){ref-type="ref"}, [^47^](#cas14400-bib-0047){ref-type="ref"} In addition to the regulation of EMT, ANGPTL4 enhances vascular permeability through the integrin pathway to promote tumor metastasis.[^7^](#cas14400-bib-0007){ref-type="ref"} Our study further provides evidence to suggest that ANGPTL4 also confers metastasis to tumor cells through the enhancement of PGE~2~‐regulated interactions between tumor cells and endothelial cells. These results reveal that the PGE~2~/ANGPTL4 axis regulates tumor cell migration and invasion through the promotion of tumor‐endothelial cell interactions. In addition, previous reports indicated that COX‐2 enhances β1 integrin expression to promote non‐small‐cell lung cancer cell invasion.[^48^](#cas14400-bib-0048){ref-type="ref"} In our previous studies, we have shown that EGF‐induced ANGPTL4 activates the integrin pathway to promote HNSCC metastasis.[^5^](#cas14400-bib-0005){ref-type="ref"} Together with previous reports and results from this study showing that PGE~2~‐induced ANGPTL4 promotes HNSCC cell metastasis, we propose that PGE~2~/ANGPTL4 might regulate tumor cell metastasis through the integrin pathway.

In general, EGF activates the EGFR signaling pathway to induce COX‐2 expression and promotes tumor metastasis.[^30^](#cas14400-bib-0030){ref-type="ref"} In addition to EGF, we provided evidence revealing that the COX‐2 metabolite PGE~2~ triggered tumor metastasis through the induction of ANGPTL4. However, the effect of PGE~2~ on tumor metastasis might be mediated through the activation of EGFR signaling due to the reciprocal effect between EGFR signaling and COX‐2, which has been found to regulate tumor metastasis. For example, PGE~2~ triggers transactivation and phosphorylation of EGFR to promote colorectal cancer cell migration and invasion.[^49^](#cas14400-bib-0049){ref-type="ref"} In addition, both EGFR and COX‐2 inhibitors, such as erlotinib and celecoxib, respectively, have been used as single agents for chemoprevention in HNSCC.[^50^](#cas14400-bib-0050){ref-type="ref"}, [^51^](#cas14400-bib-0051){ref-type="ref"} Preclinical and clinical studies have revealed that targeting the EGFR and COX‐2 pathways can synergistically inhibit HNSCC growth.[^52^](#cas14400-bib-0052){ref-type="ref"}, [^53^](#cas14400-bib-0053){ref-type="ref"}, [^54^](#cas14400-bib-0054){ref-type="ref"} Our study also found a strong correlation between the expression of EGFR, COX‐2, and ANGPTL4 in HNSCC tumor specimens. Therefore, it is interesting to further investigate whether EGFR inhibitors initiate a direct effect on proinflammatory cytokines in PGE~2~‐regulated HNSCC metastasis. In summary, we conclude that targeting ANGPTL4 provides new insight into the treatment of growth factor/inflammation‐associated HNSCC metastasis.
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